Although the cure rate of newly diagnosed acute lymphoblastic leukemia (ALL) has improved over the past four decades, the outcome for patients who relapse remains poor. New therapies are needed for these patients. Our previous global gene expression analysis in a series of paired diagnosis-relapse pediatric patient samples revealed that the antiapoptotic gene survivin was consistently upregulated upon disease relapse. In this study, we demonstrate a link between survivin expression and drug resistance and test the efficacy of a novel antisense agent in promoting apoptosis when combined with chemotherapy. Gene-silencing experiments targeting survivin mRNA using either short-hairpin RNA (shRNA) or a locked antisense oligonucleotide (LNA-ON) specifically reduced gene expression and induced apoptosis in leukemia cell lines. When used in combination with chemotherapy, the survivin shRNA and LNA-ON potentiated the chemotherapeutic antileukemia effect. Moreover, in a mouse primary xenograft model of relapse ALL, the survivin LNA-ON decreased survivin expression in a subset of animals, and produced a statistically significant decrease in tumor progression. Taken together, these findings suggest that targeting endogenous levels of survivin mRNA by LNA-ON methods may augment the response to standard chemotherapy by sensitizing otherwise resistant tumor cells to chemotherapy.
Introduction
Acute lymphoblastic leukemia (ALL) is the most common form of childhood cancer. Although long-term survival rates approach 80% for B-precursor ALL, outcomes for those who relapse are poor. We recently performed gene expression profiling on matched pairs of leukemic blasts from individual patients at diagnosis and relapse. 1 This study identified a set of 117 genes that were differentially expressed between diagnosis and relapse in B-precursor ALL. We focused on survivin (BIRC5), a gene upregulated at leukemia relapse, given its involvement in many other cancers, as well as the availability of therapeutic agents to abrogate survivin expression and/or function.
Survivin, a dual regulator of cell-cycle progression and apoptosis (reviewed in Knauer et al. 2 and Pennati et al. 3 ) is overexpressed in practically all human cancers, but is low in most normal terminally differentiated tissues with the exception of liver, ovary, testes and hematopoietic progenitor cells. 4 Several mechanisms of deregulation have been reported, including transcriptional and post-transcriptional modifications, chromosomal amplification and subcellular relocalization. [5] [6] [7] [8] [9] [10] [11] Survivin has been shown to be upregulated in response to several chemotherapeutic agents, such as doxorubicin and paclitaxel. [12] [13] [14] Also, expression of survivin is inversely correlated with a good therapeutic response and has been used as a prognostic marker for treatment resistance in some tumor types, such as breast cancer, bladder cancer and lymphoma. [15] [16] [17] [18] [19] [20] Thus, survivin is an attractive target in cancer therapy and currently, several clinical trials employing different approaches including antisense oligonucleotides, small molecule inhibitors and immunotherapy are in progress. 3, 21 Given our finding of upregulation of survivin at relapse, 1 we hypothesized that targeting survivin would be an effective treatment strategy in relapsed ALL and that downregulation of survivin expression would improve the response of ALL cells to conventional cytotoxic chemotherapy. In this study, we used antisense technologies to downregulate the expression of survivin in leukemia cell lines to determine the impact of targeting survivin in vitro and to assess the effect on chemotherapy response. We also used a murine xenograft model of adult and pediatric relapsed ALL to assess the effect of the antisense in vivo. As controls, we modulated the expression of securin/pituitary tumor transforming gene1 (PTTG1), topoisomerase II alpha (TOP2A) and cyclin B1 (CCNB1), other genes shown to have increased expression at relapse. 1 These studies demonstrated that downregulation of survivin or securin with shRNAs induced apoptosis in ALL cell lines and potentiated the antileukemic effect of chemotherapy, lowering the IC 50 's to etoposide, doxorubicin and predisolone by as much as threefold. Furthermore, we demonstrated the antitumor effect of a novel third generation antisense drug EZN-3042, which specifically targets survivin, in treating pediatric ALL in a primary mouse xenograft model. These data suggest that the use of EZN-3042 in combination with chemotherapy may be beneficial for patients with relapsed ALL.
Materials and methods

Plasmids, cell lines and transfections
Molt4 (T-ALL), Reh (B-ALL), RS4;11 (B-ALL) and MV4;11 (B-ALL) cells were grown in RPMI1640 medium supplemented with 10% fetal bovine serum, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 1%Pen/Strep under 5% CO 2 at 37 1C. All cell lines were purchased from American Type Culture Collection and are authenticated according to their protocols (http://www.atcc.org). Short-hairpin RNA (shRNA) vectors were created by annealing single-stranded oligonucleotides and ligating them into the pSiren-ZsGreen expression vector (Clontech, Mountain View, CA, USA). The targeted sequences were as follows:
. A control shRNA with scrambled sequence was provided by Clontech. Control (EZN-3046)-and survivin (EZN-3042)-targeted locked antisense oligonucleotide (LNA-ON) were provided by Enzon (Piscataway, NJ, USA). 22 Transfections of Molt4 cells were performed using the Nucleofector Kit V from Lonza (Walkersville, MD, USA) with the following optimized parameters: 2 Â 10 6 cells were resuspended in 100 ml solution V, mixed with 5 mg of plasmid or 9.4 mM LNA-ON and transfected by nucleofection using program A-30. Transfections of B-precursor ALL cells were performed using the 96-well Lonza shuttle with the following optimized parameters: 0.4 Â 10 6 cells were resuspended in 20 ml solution SF (Reh & MV4;11) or SE (RS4;11), mixed with 3.3 mM of LNA-ON and transfected with program DS137 (Reh), DS150 (MV4;11) or DC100 (RS4;11). For gymnotic delivery experiments, 23 Reh cells were plated at a concentration of 1 Â 10 6 cells/ml and 10 mM LNA-ON was added directly to the media. Stock solutions of dexamethasone (Sigma-Aldrich, St Louis, MO, USA), doxorubicin (SigmaAldrich), vincristine (Sigma-Aldrich) and L-asparaginase (Sigma-Aldrich) were prepared in H 2 0, etoposide (SigmaAldrich) was prepared in dimethyl sulfoxide (stock 40 mM) and prednisolone (Pharmacia, St Paul, MN, USA) was prepared in 0.9% NaCl. Drugs were serially diluted in RPMI and added to the culture media at indicated concentrations. Cells were incubated with chemotherapy for 24 h except vincristine and L-asparaginase, which were incubated for 48 h.
Quantitative reverse transcription PCR analysis
To determine the relative expression of each gene of interest, total RNA was extracted using the RNEasy Mini Kit (Qiagen, Valencia, CA, USA), and reverse transcription (RT)-PCR was performed using I-Script II complementary DNA Synthesis kit (Biorad, Hercules, CA, USA) and QuantiTect SYBR Green PCR kit (Qiagen). Synthesis of PCR products was monitored by the DNA Engine Opticon System (MJ Research, Waltham, MA, USA) and normalized to B2microglobulin amplification. Data were plotted relative to mRNA levels in control samples using the DDC t method. The PCR primers used were as follows: 
Cell-cycle analysis
Cell-cycle analysis was performed on Molt4 cells 48 h after transfection with control or survivin LNA-ON. Cells were stained with propidium iodide and analyzed by flow cytometry. Fluorescence intensity was measured and plotted relative to cell count.
In vivo drug testing using nonobese diabetic/severe combined immunodeficiencyxenografts Under Institutional Animal Care and Use Committee and Institutional Review Board-approved protocols, nonobese diabetic/severe combined immunodeficiency primary xenografts were generated from four B-precursor ALL patient samples (ID 2365, 240, 4092 and 200) as previously described. 25 Mice were maintained in sterile micro-isolator cages, housed in ventilated racks and given antibiotic prophylaxis with trimethoprim/sulfamethoxazole in drinking water. Mice were injected with 2-5 Â 10 6 lymphoblasts from patient samples that had been previously xenografted into mice for expansion. Starting at 3-5 weeks post-injection, mice were screened for engraftment weekly by retro-orbital sampling of peripheral blood. Engraftment was detected by flow cytometry using antibodies recognizing CD19 and CD45 (Beckman Coulter, Brea, CA, USA). All antibodies are non-crossreactive to mouse proteins. After ALL engraftment, defined as greater than 5% peripheral blasts, mice were randomized to treatment with 25 mg/kg of ENZ-3042 (survivin LNA-ON) intraperitoneally (I.P) 3 days a week (Monday, Wednesday and Friday) vs scrambled control (ENZ-3046). After seven treatments, the dose was reduced to 12.5 mg/kg due to weight loss from decreased oral intake. ENZ-3042 and scrambled control were reconstituted in H 2 0. Response to treatment was measured weekly by retro-orbital bleeds to determine white blood cell counts and percentage of lymphoblasts by flow cytometry with antibodies recognizing CD19 and CD45. A subset of mice was killed at day 14 and RNA was prepared from the spleen and bone marrow to determine knockdown of target by quantitative RT-PCR. To compare the efficacy of ENZ-3042 with other cytotoxic and biological compounds using the same model, mice engrafted with ID 240 were also treated with temsirolimus 5 mg/kg intraperitoneally daily, 5 days a week (Wyeth Pharmaceuticals, Philadelphia, PA, USA), methotrexate 5-10 mg/kg intraperitoneally weekly (Mayne Pharmaceuticals, Paramus, NJ, USA) or the diterpenoid inhibitor of XIAP, triptolide 26 0.15 mg/kg intraperitoneally daily, 5 days a week (Calbiochem, San Diego, CA, USA) as previously described. 25 
Results
Previously, we identified a cohort of genes that were differentially expressed at relapse compared with diagnosis in 35 pediatric ALL patients. 1 Survivin was identified as a gene that was significantly upregulated in ALL relapse samples. In a follow-up study of 49 additional pairs (manuscript in preparation), survivin was ranked 22 out of a total of 148 differentially expressed genes (1.49-fold change, P ¼ 0.002) for patients with early relapse (27 samples o36 months from initial diagnosis) and 25 out of 180 genes differentially expressed (1.56-fold change, P ¼ 0.003) for patients with late relapse (22 samples X36 months from initial diagnosis), indicating that survivin is overexpressed in pediatric relapsed ALL. 27 In addition to survivin, three other genes, securin, cyclin B1 and TOP2A, known to be involved in cell-cycle regulation and apoptosis, and implicated in cellular transformation, were also identified as significantly upregulated. 1 To determine whether these genes are directly involved in mediating the well-known chemoresistance of relapsed ALL, we modulated expression of these transcripts in pre-clinical models.
To acutely knockdown gene expression, a series of shRNA constructs targeting each gene was developed. Transfection of the T-ALL cell line Molt4 with cyclin B1, TOP2A, securin and survivin shRNA vectors reduced endogenous mRNA expression by 70-90%, respectively, as determined by quantitative RT-PCR at 48 h post-transfection ( Figure 1a ). Western blot analysis confirmed that the levels of these proteins in the cell were also decreased ( Figure 1b) . A time course analysis determined that peak knockdown in survivin protein expression was achieved by 48 h post-transfection.
The effect of downregulating expression of these genes on cell viability was determined by performing annexin-V PE/7AAD staining at 48 h following the transfection. The transfection of Molt4 cells with the green fluorescent protein-scrambled control shRNA caused, on average, 15% background apoptosis, which was subtracted from the analysis. Knocking down TOP2A and cyclin B1 expression with the shRNA constructs did not affect cell viability, nor did their knockdown potentiate cellular response to etoposide (Figure 2a ), implying that overexpression of either TOP2A or cyclin B1 at relapse does not directly contribute to chemoresistance. Decreasing TOP2A antagonized etoposide at lower doses, consistent with the mechanism of action of this drug. In contrast, knockdown of endogenous securin induced 40% cell death and, in combination with low doses of etoposide (0.1 mM), increased apoptosis over chemotherapy alone (Figure 2a) .
We tested whether a decrease in survivin expression would also lead to an increased sensitivity to other chemotherapy agents (doxorubicin, etoposide, L-asparaginase and vincristine). Chemotherapy was added 24 h after the cells were transfected with shRNA and chemotherapy doses, starting at a suboptimal concentration, were titrated up to a maximal cell-killing dose. 
Endogenous knockdown of survivin DJ Morrison et al
We also tested the cytotoxic effects of a locked nucleic acid oligonucleotide (LNA-ON) targeting survivin (EZN-3042) and its scrambled control (EZN-3046). 22, 28 LNA-ON compounds carry out modifications in the chemical structure of the oligonucleotide, which improve nuclease resistance and increase affinity for the target mRNA. EZN-3042 targets a 16mer region comprising the stop codon of the open-reading frame in exon 4 of the survivin transcript. We transfected three B-precursor ALL cell lines, Reh, RS4:11 and MV4;11, in addition to Molt4 cells, with EZN-3042 and assessed the effect on survivin expression and chemoresponse. Endogenous expression of survivin in the Bprecursor ALL lines was higher, yet in the same range, as the expression of survivin in blasts purified from pediatric relapsed ALL patients (data not shown). EZN-3042 reduced survivin mRNA and protein expression by 60-80% depending on the cell line (Figures 3a and b) . The control EZN-3046 had no effect on survivin expression levels. There are five splice-variants of survivin with differential effects on apoptosis; 2,29 the main isoform, consisting of four exons, is antiapoptotic and most abundantly expressed in pediatric ALL samples and Molt4 and Reh cell lines (data not shown). DEx3 which is missing exon 3 and survivin-3B which results from an insertion of intron 3 are also antiapoptotic, whereas survivin 2B which includes part of intron 2 is pro-apoptotic. Survivin 2a, which contains a portion of intron 2 and is truncated, acts as a dominant negative of the survivin main form. Isoform-specific RT-PCR demonstrated that all five splice variants were knocked down by a least 50% with the greatest effect on survivin 2B and 2a (Figure 3c As EZN-3042 is administered by IV infusion, we tested the efficacy of EZN-3042 when added directly to the tissue culture media. 23 EZN-3042 or its matched control were added to the tissue culture media of the Reh cells at a concentration of 10 mM, approximately three times the concentration used for transfections and, 48 h later, cells were analyzed for mRNA expression (Figure 4a ), protein expression (Figure 4b ) and induction of apoptosis (Figure 4c) . A 70% downregulation of survivin mRNA expression and a 37% increase in apoptosis was observed (Po0.0001), suggesting that the EZN-3042 was taken up from the media and was functional within the cell. As seen with the transfection assays, EZN-3042 was able to augment the induction of apoptosis caused by doxorubicin alone (Po0.001, IC 50 potentiation 1.3-fold). Control EZN-3046 did not cause knockdown of survivin expression or induction of apoptosis.
We examined cleavage of caspase-3 as a corollary to annexin-V staining to demonstrate that treatment with survivin shRNA or LNA-ON results in induction of apoptosis. We found that transfection of Molt4 cells with survivin shRNA or Reh cells with EZN-3042 increased basal levels of cleaved caspase-3 (Figure 5a ). In addition, the level of caspase-3 cleavage in Mice generated from patient ID 240 were also treated with other chemotherapy agents with demonstrated activity against ALL, including methotrexate, temsirolimus (an mTOR inhibitor) and triptolide (an inhibitor of XIAP). 25 EZN-3042 had similar activity to methotrexate and better activity than temsirolimus and triptolide when tested in this model (Figure 6c ). No overt toxicity was found after treatment with EZN-3042 except that treated mice became dehydrated with time (5-15% reduction in body weight), leading to a dose reduction of EZN-3042 after 2 weeks of treatment.
Discussion
Survivin is a highly attractive target for therapy because it has a relatively high turnover rate and is selectively expressed in most human cancer cells with little expression in normal non-fetal tissues. Survivin-targeted therapies have been developed to treat different forms of cancer. Our interest in survivin originated from our gene expression microarray study of 35 pediatric ALL diagnosis/relapse-matched samples, 1 which has recently been confirmed by analysis of an additional 49 diagnosis/relapse pediatric ALL pairs. This data show that survivin was 1 of only 14 genes whose upregulation is common to both early and late relapse cohorts. 27 Relapsed disease is particularly difficult to treat, with only 5-50% of patients achieving a cure. The fact that survivin is upregulated at relapse in 70% of the patients studied to date, as compared with initial diagnosis, led us to hypothesize that targeting survivin would be an effective therapeutic strategy to treat relapsed/refractory ALL. To test this hypothesis we evaluated the effect of survivin inhibition in both in vitro and in vivo models and combined this strategy with several chemotherapeutic agents that are currently used to treat pediatric relapsed ALL. Using both survivin shRNAs and LNA-ON, we showed that survivin expression can be significantly downregulated in both B-precursor and T-cell ALL cell lines when compared with controls. Moreover, downregulation of survivin correlated with increased apoptosis and an accumulation of cells in the sub-G1 stage of the cell cycle. This result is consistent with the previous reports in the literature demonstrating that sudden downregulation of survivin expression through various means, such as antisense oligonucleotides, small-interfering RNA, ribozymes or dominant-negative mutants, is often associated with spontaneous induction of apoptosis (reviewed in Pennati et al. 3 and Altieri 30 ). It has been proposed that tumor cells depend upon expression of survivin for tumor maintenance, and sudden loss of this pathway triggers a strong induction of apoptosis and growth arrest. 31, 32 Our microarray results showing upregulation of survivin expression at relapse suggests that it may have a role in chemoresistance. 1 We also tested the impact of survivin shRNA and antisense oligonucleotide in combination with several different chemotherapeutic agents. We found that overall downregulation of survivin expression by RNA interference potentiated the effect of the other chemotherapeutic drugs as compared with controls. This is consistent with recent studies in which the survivin LNA-ON was shown to sensitize prostate and lung cancer cells to paclitaxel treatment both in vitro and in vivo. 22, 28 As the shRNA or LNA-ON did not generate a standard dose response curve, we could not directly assess drug combination effects using commonly available software (for example, Calcusyn, BioSoft, Ferguson, MO, USA). We instead examined the ability of antisurvivin compounds to potentiate the cytotoxicity of chemotherapy, comparing IC 50 values with and without antisurvivin treatment. Our results are in accordance with similar studies reported in the literature where downregulation of survivin sensitized resistant cancer cell lines or xenografts derived from breast, lung, prostate, thyroid, liver and cervical cancer to several different pro-apoptotic stimuli including TRAIL, doxorubicin, TNF-a, 5-FU, methotrexate, etoposide and cisplatin. 13, [33] [34] [35] [36] [37] Finally, we demonstrated the efficacy of the survivin LNA-ON in mouse xenograft models of ALL. In this system EZN-3042 inhibited the growth of established tumors derived from two out of four different xenografts, as compared with the scrambled control. The best responder xenograft, ID 240, was derived from a relapsed ALL patient. For these mice, the average blast count at day 14 following EZN3042 treatment was the same as when treatment started, whereas for the control mice the blast count increased by greater than four fold. Moreover, there was a corresponding 65% downregulation of survivin expression in the spleen among LNA-ON-treated 240 mice. Interestingly, xenograft ID 2365, which harbors the Philadelphia chromosome translocation t(9;22), a particularly poor prognostic marker for pediatric ALL, also responded well to the treatment but we did 
Figure 6
Survivin antisense oligonucleotide is efficacious in ALL xenografts. NOD/severe combined immunodeficiencymice were xenografted with human ALL from patient samples. After establishment of disease, defined as greater than 5% blasts detected in peripheral blood, mice were randomized to treatment. Disease was evaluated at weekly intervals by flow cytometric analysis of peripheral blood detecting human CD19 þ and CD45 þ cells. Endogenous knockdown of survivin DJ Morrison et al not see a corresponding decrease in survivin expression in this sample. The lack of knockdown in this xenograft could have a number of explanations: (1) the drug is able to knockdown survivin in circulating blasts but not those protected in the bone marrow or spleen microenvironment; (2) we did not analyze this sample at the ideal time point, that is, 14 days may be too late and sensitive blasts are eradicated leaving resistant blasts possibly compensating by increasing survivin expression; (3) the activity of the drug is due to off target effects. It has been suggested that the efficacy of LNA-ON therapy may be related in part to non-target effects. 38 Despite this, the LNA resulted in decreased leukemia burden in 50% of the samples, both of these representing tumors derived from relapsed ALL patients. In our experiments, the LNA-ON caused dehydration in the mice requiring the need to use a lower, potentially subtherapeutic dose. Indeed the EZN-3042 used in this study has been evaluated previously in mouse xenografts of solid tumors and has shown to both decrease survivin expression and result in significant inhibition of tumor growth. 28 However, the doses used in those experiments for solid tumors (50 mg/kg by continuous infusion, 100 mg/kg q 2 days) far exceeded those used in this study for human leukemia. We had anticipated that tumor penetration for leukemia might be more efficient compared with solid tumors but future experiments will be needed to maximize the pharmacodynamic effects of EZN-3042 in acute leukemia. It is important to note that in these studies, EZN-3042 was administered in saline only. As LNA oligonucleotides are stable in plasma, highly potent and able to penetrate cells in the absence of transfection, 23 these antisense molecules have ideal properties that allow them to be used in vivo.
In adults it has been widely reported that survivin expression is upregulated in many solid tumors including lung, breast, colon and ovarian carcinoma, and in hematological malignancies such as lymphoma and acute leukemia. The role of survivin in pediatric cancers has also been investigated, and survivin overexpression has been evaluated in central nervous system tumors, neuroblastoma, Wilms tumor, sarcomas, leukemia and lymphoma (reviewed in Fangusaro et al. 17 ). Higher expression of survivin has correlated with more advanced grades of disease and with a poorer prognosis. [39] [40] [41] Our demonstration that attenuation of survivin expression potentiated several chemotherapeutic agents, is consistent with studies by Zhou and colleagues 42 who showed that inhibition of survivin increases the cytotoxic effect of nutlin-3, a small molecule inhibitor of MDM2, in pediatric ALL.
The networks that lead to increased survivin expression in relapsed ALL have not yet been characterized. Survivin is the target of many pathways that regulate its expression. For example, survivin is negatively regulated by PTEN, p53, BRCA1 and Rb, which are often mutated and inactivated in a variety of cancers, and upregulated by Notch signaling, WNT/b -catenin, STAT3 and NF-kB. As survivin is associated with many different signaling pathways involved in cell proliferation and cell survival, it could be considered an unique target for therapeutic intervention, either by direct targeting or through the targeting of pathways regulating survivin expression. 30 Antisense reagents targeting survivin are beginning to be tested in the clinical setting. Another survivin antisense oligonucleotide LY2181308 was well tolerated in a phase I trial in adult patients and resulted in reduced survivin expression in tumor biopsy specimens following drug treatment. 43 Consequently, a phase II trial for LY2181308 in combination with idarubicin and cytarabine for adult patients with relapsed or refractory acute myeloid leukemia was initiated (http://ClinicalTrials. gov NCT006230321). A phase 1 clinical trial evaluating EZN-3042 with or without docetaxel in adults with advanced solid tumors or lymphoma was recently completed. 44 Based on the data described in this manuscript, a multi-institutional phase I trial evaluating the safety, tolerability and biological activity of EZN-3042 in combination with standard re-induction chemotherapy for children with relapsed B-precursor ALL was recently opened within the Therapeutic Advances in Childhood Leukemia and Lymphoma consortium (http://ClinicalTrials.gov: NCT01186328). Survivin mRNA and protein expression will be measured on this trial before, and following the administration of EZN-3042 as a single agent, to determine the efficiency of survivin inhibition in vivo. Hematological dose limiting toxicity due to antisense treatment as well as standard chemotherapy will be monitored throughout the course of treatment. Although survivin is expressed in normal CD34 þ stem cells and has a role in maintenance of progenitor cells in the bone marrow and driving normal erythropoiesis, 4 dose limiting hematologic toxicity has not been observed in other trials using various survivin antagonists to date. [43] [44] [45] This will be the first clinical trial of a survivin antisense agent in pediatric patients with relapsed leukemia, and it is hoped that bringing antisense technology to this patient population will close the gap on the last 20% of patients who do not currently achieve durable remission. In summary, survivin is a well-established cancer target. Our study validates this approach in pre-clinical leukemia models and provides a strong biological rationale for targeting survivin in relapsed ALL.
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